Here we would like to introduce a new model for proteins which is based on their geometrical features. We consider a chain of solid planar peptide units that can rotate around two axes as it has been suggested by Ramachandran. This can be done simply by fine-graining the Freely Rotating Chain model in a way that it also includes also C and N atoms but Cα atoms remain the only points of rotations. However this is a general model that can be applied on many problems of protein folding, in this work we only intend to study the stretching of Titin in order to test our model. The advantage of this model is that there is no need to any unphysical fitting parameter, although it still very simple. The results of our Monte Carlo simulations fit well to the experimental data without any further manipulation. Furthermore, we produce the correct saw-tooth patterns only by assuming that peak to peak distance shows the difference between size of an unfolded domain with the folded one. Then we approximate the end-to-end distance of folded Ig27 domain of Titin (about 5.0 nm).
Introduction
Today it is possible to reveal information about the elastic property of single molecules by either Atomic Force Microscopy or Optical Tweezers [9, 12, 11] . One of the most studied protein with the mentioned methods is Titin that plays an important rule in elasticity of muscles [5] .
The interesting part of this molecule is the I-band that is made of similar modules which have an immunoglobulin-like (Ig) structure [10, 5] . A modules can resist against pulling forces below a threshold. Then it unfolds and increase the extension of the protein. This called an unfolding event. They will refold again into their native state if we remove the force. If we have a chain of Ig domains (in many experiments they have used 8 repeats of Ig27 domain), and then pull it slowly, modules start to unfold one by one and after each unfolding event, the force necessary to keep the the protein extended reduces because the length of protein has increased. If we look at Force-Extention plot, we will see a saw-tooth like pattern (figure 5) [9] .
Also many theoretical models have been developed to study the mechanical property of macromolecules. Among these models, Worm Like Chain (WLC) is the most celebrated one [4] . WLC is fairly simple and works fine whenever we can use continuum approximation. It is good especially for very large and stiff macromolecules like DNA [6] , but WLC is physically unjustifiable when we apply it to the smaller and more flexible chains like proteins. Because the continuum model is not valid any more due to the small size of the chain compair to its building blocks. For example the related Worm Like Chain for the case of Titin's Ig domain has a persistence length of 0.4 nm which is about the size of a single peptide unit. Despite of these facts, WLC is used frequently in the literature in order to fit and explain experimental data because a better alternative had been absent.
There is a family of models for proteins (linear macromolecules in general) in which a protein is approximated by a chain of spheres (points, masses or particles) and each sphere represents a C α atom ( monomer ). We can consider different interactions among the particles like self attraction and put various constrains like excluded volume or restricted dihedral angles but as first approach we would like to put only a simple constrain over length of bounds because if we look at protein databank, we can see that the distance between two consecutive C α is almost a constant [1] ( see also figure 1 and table 1 ).
The simplest model that fulfills the mentioned condition is called Freely Jointed Chain (FJC) [3] . In this model, bound lengths are fixed but their angles can have any arbitrary value which is not the case in real proteins though it should be improved.
A better replacements is Freely Rotating Chain (FRC) [2] . In this model if the chain is divided into two parts by selecting an arbitrary bound, we can freely rotate the parts around the selected bound independent of each other; therefore, the angle between two consecutive bound does not change in FRC. This model has been used to study different aspect of proteins and polymers including our problem of interest -stretching Titinith [7] .
However FRC behaves more like real proteins compared to the former model (FJC), it doesn't cover all the features of bound angles because the angle between C α − C α bounds is not completely solid and can fluctuates in proteins (table 2) [8] .
Here we come with our model which uses the same idea as a Freely Rotating Chain with a small difference that some of its bounds can not be selected as a rotation point. If we show the the chain with a binary sequence of 0 and 1 in which 1 represents a link that we can rotate the chain around it and 0 displays a bound that can not be the base for a rotation, then our chain will be like:
here. This is equivalent to consider C and N atoms in addition to C α atoms and using Ramachandran picture so the chain rotates only around C α − C and C α − N bounds [8] . Since the chain doesn't rotate around C − N bounds, we can know the structure by only a pair of angles (φ, ψ) for each C α position [8] .
Model
Somehow you can consider this model as a small variation to a Freely Rotating Chain [2] . We consider a chain of C α atoms and the chain can freely rotate around the bounds that connects C α atoms to the chain. The different is that we insert also C and N atoms in the chains and do not permit any rotation around C − N bounds (figure 2). This is the simplest possible model that cover Ramachandran angles and its possible to make it more sophisticated by implementing heterogeneity through Ramachandran maps for each amino acid. In order to set the parameters of our model -distances and angles -we have analyzed protein databank (PDB) and calculated the averages of desired quantities. In the figure 1 you can see a couple of peptide units, their dimensions and the angle between them. You can find more details of atomic distances in the table 1 and see that all covalent bounds are rigid. You can see also some details of angles in table 2 and at the end table 3 shows that we can consider peptide units as a planar objects [1, 8] .
The largest distance over the backbone of protein that does not vary so much is the distance between two sequential C α s; therefore, it is quite a good approximation to consider a chain of C α atoms with fixed bound length as it has been done in literatures. On the other hand, as you can see in table 2, it is not a very good idea to assume such a chain as a Freely Rotating Chain since the angle between C α bounds has a large value of standard deviation so it is not completely solid.
The only rotation point for each peptide unit are the junctions of two serial peptide in C α atoms, thus, we have only two rotational axes and two rotational angles which are known as φ and ψ 1 [8] . It is possible to introduce more details. For example, if we want to implement excluded volume in this model, we can do it in an elegant way. We consider a chain of non-intersecting quadrangles which each one represents the peptide unit that made of C α − O − C α − H and each quadrangle can rotate around the C α − C and C α − N bounds (figure 3). If it is necessary, we can enter water molecules in similar way, they can be considered as non intersecting triangles.
Results
We did equilibrium Monte Carlo simulation in which we pulled a chain by a constant force. We started it from zero force and increased the force gradually. In each step we measured the average of extension for the given force. we continue this to get a fully extended chain (∼ 32 nm for 89 residues). This has been down for different chain lengths. We found that the extension under any forces is proportional to the number of residues. In figure 4 you can see all the extension-force curves collapse very well when their extension have been divided by their length (N).
Hence there is a universality, It is useful to find a suitable fitting function for the curves though we can use it later in order to represent simulation results. We find that the equation 2 can be a good candidate. However the function has a very simple form, it includes all the important features of the curves. Table 2 : Angles in a peptide units. The vectors are normalized and indexes show the order of atoms from left to right in the figure 1. Here you can see that FRC is not valid because the Standard Deviation of C α1 C α2 . C α2 C α3 is too large but we can consider N 1 C α2 C 2 as a solid angle so FRC will be acceptable if we also insert C and N atoms and redefine the model. Table 4 : Parameters of equation 3. Where a, f c and γ has been calculated by simulation whereas we get R d by fitting the simulation results to saw-tooth patterns.
In last relation x and f are extension and force, N is the number of residues, the share of each peptide units in total length is a = 0.3640 nm and the parameter f c = 12.46 pN shows the critical value of the force which below it protein is in the swollen phase and above it protein has a straight structure. The last parameter γ is the fitting exponent γ = 1.021. If you like to fit the function to an experiment, we must consider also the possible offset from zero.
We can use another relation to fit the results of simulation to the saw-tooth patterns. Before that we should have in mind that it is necessary to subtract the end to end distance of the folded domain because the distance between two consecutive peaks in saw-tooth patterns shows the contribution of the unfolded domain minus its end-to-end distance when it is folded.
It gives us the extension after unfolding event n. Here n Ig shows number of Ig repeats in the experiment and R d is the end to end distance of an Ig domain before the unfolding event plus length of one peptide, in a better way, it shows the distance between first residues of two consecutive domain. And the las parameter x 0 is the displacement of zero in experiments which can be calculated easily. The first term in equation 3 is the extension of unfolded domains and the second term is the contribution of folded domain to the contour length. Here we have assumed that the folded domains are solid objects which only increase the length and do not have any effect on force; therefore, we expect that the simulation fits better to the late events.
We know N and we have found a and f c in the last part by simulation; therefore, only R d remains and we can use it as a fitting parameter to set the peak to peak distance. It gives us a good fit when we choose it equal to 5.4 nm (R d = 5.4 nm). This is in good agreement with the size taken by NMR which is about 4.3 nm [10] . This value shows the separation of the first and last residue in a single domain; therefore, we have to add 0.4 nm -size of the peptide unit that connects two domains-to the value that is given by NMR so the different reduces to about 0.7 nm. This small discrepancy (0.7 nm) that is almost twice of the size of one peptide, might be due to the deformation of structure of domains under tension.
The parameters are displayed in table 4 and In figure 5 You can see the results of simulation and their comparisons to experimental data which is quite good for such a simplistic model. The experimental data has been extracted manually from the graph of reference [9] .
Conclusion
We have proposed a very simple model -Partiality Rotating Chain -to study proteins. In this work we have used it to study stretching of proteins with particular attention to I-band of Titin. We could fit the result of simulation to a single unfolding event without any further manipulation except a simple shift in the data to find the correct position of zero in experiments. We also were able to get to correct contour length of fully extended Ig domain (∼ 32.4 nm for 89 residues). In addition to this we could fit our data to many unfolding events. In this case we had just one fitting parameter which was the contribution of a single folded domain to the extension (R d = 5.4 nm) then with that we estimated the end-to-end distance of a single Ig27 domain of Titin (∼ 5.0 nm). This is slightly larger (0.7 nm) than the end-to-end distance of a single folded domain measured by NMR experiment (4.3 nm). 
